INTRODUCTION
Stabilizationholidification (S/S) has been identified as the preferred treatment option for hazardous radioactive sludges, and currently grouting and vitrification are considered the leading candidate S/S technologies. Consequently, a project was initiated at Oak Ridge National Laboratory (ORNL) to define composition envelopes. or operating windows, for acceptable grout and glass formulations containing Melton Valley Storage Tank (MVST) sIudges. The resulting data are intended to be used as guidance for the eventual treatment of the MVST sludges by the government and/or private sector.
Wastewater at ORNL is collected, evaporated, and stored in the MVSTs pending treatment for disposal. The waste separates into two phases: sludge and supernate. The sludges in the tank bottoms have been accumulating for several years and contain a high amount of radioactivity, with some classified as transuranic (TRU) sludges. The available total constituent analysis for the MVST sludge indicates that the Resource and Conservation Recovery Act (RCRA) metal concentrations are high enough to be potentially RCRA hazardous; therefore, these sludges have the potential to be designated as mixed TRU waste.
S/S treatment must be performed to remove free liquids and reduce the leach rate of RCRA metals.
'.-= c t This paper focuses on initial results for the development of the operating window for vitrification. However, sufficient data on grouting are presented to allow a comparison of the two options.
SURROGATE COMPOSITION
In order to minimize costs and scheduling problems, initial formulation development experiments were conducted using a surrogate to represent the average composition of the tank sludge of interest. The composition of the MVST sludges and supernates was estimated using the available characterization data. The weighted average composition listed in Table 1 was obtained by taking into account the estimated mass of sludge in each tank to obtain an overall sludge composition if all of the sludges were mixed. This weighted average composition was the basis for the surrogate MVST sludge. As with the sludge, the weighted average composition for the supernate was obtained by using the quantity of supernate estimated for each tank. This weighted average forms the basis for the surrogate MVST supernate and is also shown in Table 1 .
VITRIFICATION
Numerous glass families have been developed and evaluated on a commercial scale.
Examples of these families include soda-lime-silicate (SLS), borosilicate, lead silicate. aluminosilicate, halide, borate. phosphate, sulfide, chalcogenide, chalcohalide, oxyhalide, oxynitride, and oxycarbide g l a~s e s .~-~ However, of these families, three have received the most attention for the vitrification ofwastes. Consequently, these three (borosilicate, SLS, and phosphate) were the initial candidates for further study within this project. Many phosphate glasses are known to be readily attacked by water.4 Some have shown a tendency to be corrosive to melter refractory lining under normal operating conditions6.' and, consequently, were discarded as a candidate for further study. Borosilicate glasses, which have been used extensively for immobilization of high-level radioactive wastes, have a large known immiscibility gap in the CaO-B,O,-SiOz system,8 and a high calcium content is a characteristic of the waste in this study. The known immiscibility leads to the strong probability of multiple 7 glass phases within the resulting vitrified product. The unknown distribution coefficients between these phases of the contaminants of interest (both radionuclides and the RCRA metals) make a multiple-phase product undesirable. Consequently, the experimental study presented herein focused on the SLS system. The SLS system has been evaluated previously for numerous low-level radioactive and chemically hazardous (i.e., mixed) waste sludges9-"
and has the advantage of utilizing the calcium content of the waste as a needed additive.
Historically, the SLS system has used the three-component operating diagram with units of weight percent to illustrate regions of acceptable glass formulations. However, it is well known that the chemistry of any system occurs on a mole basis, rather than a weight basis. The primary reason that units of weight percent can successfully illustrate regions within the SLS system is that the molecular weights of the three components are so similar. The molecular weights of Na20, CaO, and SiO, are 62, 56, and 60 g/mol, respectively. Thus, a plot of composition in weight percent would accurately (to within a few percent error) reflect composition in mole percent. Obviously, as more components are introduced into the system, this comparison is no longer as accurate as the simple three-component system. Nonetheless, the operating diagram has proven to be an acceptable means of describing glass formulations containing mixed""' waste and is used herein.
The surrogate waste composition (on an oxide basis) is shown in the traditional ternary operating diagram in Figure 1 . The "three" components represented on the diagram include alkalis (e.g., NazO), alkaline earths (e.g., CaO), and glass formers (SO, and A1203).
A-A represents calculated bridging oxygens" of -1. Thus, line A-A is one of the boundaries of acceptable glass compositions and, in effect, represents the maximum allowable oxygen content in the melt for this application. Compositions to the right of line A-A are those with caiculated bridging oxygens greater than 1 . The second boundary for acceptable glass compositions, also shown in Figure 1 , is line B-B. Line B-B is particularly noteworthy, in that it represents a suspected phase-separation boundary based upon literature data for the Ca0-Na20-Si02 system'*: that is, compositions beyond this boundary that are "deficient" in alkali and alkaline earth tend to form unary rather than ternary phases. Compositions to the right of line B-B would be expected to produce glass products characterized by phase separation and/or contained crystalline material. Line C-C represents the maximum alkaline earth (RO) composition supplied by the waste. One of the constraints imposed is the assumption that the waste supplies one of the major SLS glass-forming-system components.
thus necessitating only two additional additives. The resulting region, bounded by lines A-A. B-B, and C-C, represents the predicted region of acceptable compositions. The recipes or formulations for further evaluation are those additives that when combined with the waste, result in compositions within the bounded region.
Line
It is interesting to note that the line A-A, representing a minimum bridging oxygen of -1, corresponds to a waste loading of approximately 50 wt % (on an oxide basis). Therefore, for this glass-forming system and surrogate composition, 50 wt % represents the maximum achievable waste loading.
Experimental Procedure
A detailed discussion of the procedures in preparing glass is presented e1~ewhere.l~ A brief summary of the procedure follows: The surrogate MVST sludge was prepared as shown in Table 1 without HgCI, (as it would be volatilized at melt temperatures). The sludge was then dried at 105°C to a constant weight. The dried material was broken up w i t h a hammer, waste. This white crust was determined to be CaCO,.
The recipe of interest was selected from the predicted composition region as described in Figure 1 . The ingredients were weighed, combined, and rolled in a ball mill for approximately 30 min. The material was then placed in a 99.8% pure a-Al,03 crucible with a loose-fitting lid. The crucible and contents were placed in a high-temperature furnace to achieve melting.
The furnace was programmed to ramp to the desired melt temperature at 300"C/h and hoid at the melt temperature for 4 h, after which time the fluid glass was poured into a stainless steel pan and allowed to cool to ambient temperature. The resulting solidified glass product was then subjected to various types of characterization and analyses.
Experimental Results
Glass recipes/formulations evaluated in the initial scoping tests and calculated composition of the resulting products are presented in Table 2 . Select glass-product compositions are also shown on the traditional ternary diagram in Figure 1 .
All glasses poured easily from the crucible, indicating that removal of the glass from fieldscale operations does not appear to be an issue of concern. Viscosity determinations (other 
4c
-4 than by visual observation) were beyond the scope of this project. However, glass-viscosity models have been developed and can be used to qualitatively calculate the viscosity of the glass pr~duced.'~.'~ All glass products evaluated in this study were deemed amorphous via X-ray diffiaction.
All glasses were subjected to Toxicity Characteristic Leach Procedure (TCLP) testing and were acceptable with respect to meeting RCRA Land Disposal Requirements (LDR) per this test: that is, none of the glasses produced would be designated as characteristically hazardow for Ag, As, Ba, Cd, Cr, Pb, or Se. Thus, it is assumed that glasses with compositions within the region bounded by compositions &om experiments numbered V-1, V-5, V-6, and V-8
would produce products with acceptable TCLP values.
It is widely recognized that leaching (or the release of constituents in a liquid environment)
is a complex process that is impacted by leachant composition, available solid surface area, Runs V-6, V-7, and V-8 represent a similar series of runs with a constant silica content of approximately 55 wt YO. Leachate concentrations were generally higher for all constituents compared with glass compositions with 70 wt % silica. Clearly, silica, which is the basic building block of the glass structure, is beneficial. It should be pointed out, however, that the line representing a silica content of 55 wt % corresponds to the compositions where calculated bridging oxygens are constant at 2. At bridging oxygens of 2, the basic glass structure changes from group silicates to ring or chain ~i1icates.l~ As bridging oxygens are increased, the structure further changes to layer silicates and ultimately to network silicate^.'^ In simplest terms, as the number of bridging oxygens increases, so does the bonding between the various silicate building blocks, thus producing a stronger glass matrix that should offer greater leach (or release) resistance. It is this trend with bridging oxygens that best describes the observed '* TCLP data.
Recorded visual observations during the pouring of the glasses made during the scouting studies are detailed ekewhere. l 3 In some cases, the glass was observed to have traveled up the crucible walls during the melting process. The presence of this thin layer, possibly indicating that foaming had occurred, could prove corrosive to melter components during actual full-scale operations. In essence, the glass is of low viscosity and can penetrate into the microcracks of the melter liner. This fluid melt is typically highly corrosive and can accelerate liner corrosion by this penetration. Consequently, it can significantly reduce the lifetime of a melter liner, thereby increasing cost and reducing operating time; in the worst case, it presents a safety hazard by corroding through the melter and allowing molten glass to flow out into the working environment. Unfortunately, there are few if any data on the increased rate of corrosion induced by this phenomena.
It is significant to note that this phenomena was observed for glass compositions with the highest waste loading. The high waste loading corresponds to glass melts with the highest nitrate content. Nitrates are known oxidants. Initially, it was assumed that the dominant decomposition products of the nitrate would be NO, and 0, with the 0 combining with the cation to form its oxide. However, literature data have confirmed that to some extent the decomposition products are N, and 0,, as described by Volf.' 2NaN0, + 2NaN0, + O2
The results. of these decomposition reactions are twofold. First. these reactions indicate the presence of more gas generation than anticipated from the nitrate salts. This "excess" of gas bubbling through the meIt couId lead to a lower melt viscosity than anticipated, and its release (escape) at the melt line could induce foaming. Second, the presence of this "excess" oxygen suggests that the melt chemistry takes place in the presence of more oxygen than envisioned 'V in the bridging model that was used to calculate the expected range of acceptable compositions.
This would lead to fewer bridging oxygens to form the cohesive glass structure, producing a less viscous (more fluid) melt. In simplest terms, the basic glass building block is the ionic bond between silicon (Si) and oxygen (0). The bridging oxygens, which connect the building blocks to form a durable structure, do so by covalent bonding between oxygens. In the presence of "excess" oxygen, ionic bonding is favored over covalent bonding and the glass does not form the structure predicted. This "lack of structure" leads to a fluid of lower viscosity than predicted.
Experience'8-'2 with borosilicate glasses developed for high-level radioactive wastes at Westinghouse Savannah River Company (WSRC) has shown that glass melt chemistry and behavior are strong functions of the oxidation-reduction (redox) equilibria, which are influenced by melt temperature and the presence of oxidizers such as nitrates or oxygen. In some cases, deoxygenation of salts can lead to foaming in waste-glass melters, particularly as melt temperature increases. In order to mitigate these concerns, it has been recommended that routine operation of borosilicate glass at a melter temperature of 1 150°C be performed in melt conditions with oxygen fugacity maintained between lo4 and (or percent reduced iron between 20 and 80).
In order to verify that the melts in the scouting studies were being formed under "extreme" In general, the iron redox data indicate oxidizing conditions, with the majority of the percent reduced iron values being in the teens or low 20s (oxygen fugacity on the order of lo4 and higher). Based upon the experience at WSRC, these values suggest that the melt is too oxidizing and conditions are favorable to observe foaming. For lack of additional data, the glass observed on the crucible walls above the melt line is assumed to result from foaming.
The iron redox data indicate that the melts experience "excessive" oxidizing conditions and suggest the need for the addition of a reductant to the melt. The role of the reductant would be to react with the "excess" oxygen, thereby mitigating its effect on the melt chemistry.
Numerous reductants are available. In determining the reductant of choice, it is important to understand the chemistry of the nitrate decomposition. Nitrate salts such as NaNO, and KNO, melt at temperatures on the order of 300 to 350°C, which is substantially below the melting point of the primary glass formers in the recipe. Although actual nitrate decomposition occurs over a range of temperatures, it is known to begin slightly above its melting temperature.s Thus, the reduction reaction can and should take place at temperatures significantly below that of the melt temperature (operating temperature in field-scale operations). During field-scale operations, this would indicate that the reducing reaction should take place in the melter working space above the glass melt. The working space above the melt would experience a temperature gradient of feed temperature (near ambient) to that of the melt operating temperature. Consequently, the reduction reaction should take place at a temperature on the order of 400°C (slightly above the nitrate melt temperature). This would suggest introducing a reductant, perhaps as a second feed stream, into the working space above the melt in a regime of the desired temperature (-400°C). For reactions at this temperature, carbon-containing materials such as sugar appear to be a strong candidate. unpublished work at ORNL. Bentonite, attapulgite, rice hull ash, and perlite were tested in dry blends for their ability to help prevent free-water formation, and perlite worked best for the grouts tested. Hence, the S/S agents chosen for this work were portland cement, Class F fly ash, ground-granulated blast furnace slag, perlite, and IWC.
GROUT
Experimental Procedure.
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The dry blends mixed with the surrogate wet sludge to make grouts consisted of blends of Initially grout recipes were used to establish the performance of two dry blends using no water-sorptive agents: (1) 83,O. 9, and 8 wt % and (2) 41,46,5, and 8 wt % of slag, fly ash.
cement, and I R K . respectively. The first grouts established the water-demand nature of the surrogate sludge and blends. First, the dry biends were added to the wet sludge until the resulting grouts were too dry (wet sludge loadings of 37 and 33 wt % and water-to-solids ratio (W/S) of 0.24 and 0.2 1, respectively, for these blends). Next, surrogate MVST supernate was added until the grouts were judged to be processable wet plastic masses. Prior work with
'' wastewater treatment sludges had obtained satisfactory performance with wet sludge loadings of 67 wt %; therefore, these two dry blends were tested at this loading, and the free-water performance was tested over a range of W/S, using the surrogate supernate to adjust the W/S.
Results established that the W/S needs to be about 0.4 or more for the grout to be processable but that fiee water can be a problem above a W/S of 0.4. Having no free water is a regulatory and waste acceptance criteria and a major driver for establishing the grout composition and an acceptable operating envelope. Consequently, the next series of grout recipes was devoted to testing water-sorptive agents in an attempt to control the bleed water and allow higher wet sludge loadings (in lieu of dewatering). These grouts were made with a constant amount of dry blend (wet sludge loading of 67 wt % and W/S of 0.53) and varying amounts of different water-sorptive agents in the dry blend, concentrating on dry blends with large amounts of fly ash (the traditional additive used to stabilize 90Sr). The water-sorptive agents tested were perlite, attapulgite, and bentonite. Perlite at 20 wt % in the dry blend resulted in the lowest free water after 7 d for these water-sorptive agents. This dry blend still resulted in significant free water at 7 d, so increasing the cement content was tested to further reduce the free water (the dry blends contained 4 wt % cement to this point). The minimum free water was obtained with 20 wt % cement and 20 wt % perlite in the dry blend. This dry blend (33,20, 19,20, and 8 wt % of slag, cement, fly ash, perlite, and IRPC, respectively) was selected as the standard for further testing.
The last series of grout recipes in the scoping tests used this dry blend at wet sludge loadings ranging from 27 to 90 wt YO. Some free water occurred as the wet sludge loading exceeded 55 wt %. Therefore, the grout loading for this sludge is limited to 55 wt 'YO, because of the free-water criteria, unless the wet sludge is dewatered prior to the grouting step. All of the grouts hardened, except at a wet sludge loading of 90 wt %. The 7-d penetration resistance did decline significantly above wet sludge loadings of 60 wt %. The grouts met the LDR TCLP requirements, and a significant number met the more stringent Universal Treatment Standards.
SUMMARY
An envelope, or operating window, for grout and glass compositions containing a surrogate MVST sludge was identified in support of the government andor private sector treatment of the MVST sludges. Based on this work, the MVST sludges can be stabilized in either grout or glass for final disposal. Conhnation of these results with actual sludge samples must be " performed prior to final acceptance of either technique. The tank sludges can be stabilized in grout at a wet sludge loading of 55 wt %, resulting in a volume increase of 40-50 vol % with little or no secondary waste generation. The high water content of the tank sludges limited the sludge loading to 55 wt %, because higher loadings may result in free water in violation of the waste acceptance criteria of disposal facilities. Dewatering the sludge to <52 wt % water prior to grouting may allow higher waste loadings, with correspondingly lower volume increases, without sacrificing TCLP performance or leach resistance. The grout strength does decline as the sludge loading increases above 60 wt %, but a strong monolithic solid is not usually a waste acceptance criterion (although it does decrease the surface area available for leaching and consequently improves leach resistance). Waste glass logs are not annealed and subsequently fracture, leaving a high surface area available for leaching, but the superior leach resistance (leachability indexesz3 >18 compared to >9 for grout) of glass overcomes this problem. Grouts can stabilize the RCRA metals, including mercury, potentially a problem species for the tank sludges, and meet the LDR TCLP requirements. RCRA metals incorporated into the glass matrix are stabilized and leach resistant, but mercury is volatilized and must be treated in the off-gas.
I-+'
The tank sludges can be stabilized in glass at a waste oxide loading of 40-50 wt YO, resulting in a net volume decrease of 50-60 ~0 1 % . This is a threefold decrease in final waste form volume compared to grout, not counting the secondary waste generation volume from offgas treatment. The benefits of the lower glass volume compared to grout volume must be weighed against the generally higher capital and operating costs for vitrification, as well as the volume of secondary waste generated from both vitrification and grouting.
